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Abstract 
ZnSnAs2 epitaxial films were grown by molecular beam epitaxy (MBE) on nearly lattice matched InP substrates. Four samples 
namely samples A, B, C, and D were prepared at different growth times of 15, 30, 50, and 83 mins, respectively, using the 
optimum growth conditions earlier reported to obtain samples of different values of thickness for the purpose of structural 
characterization using High-Resolution X-ray Diffraction (HR-XRD). HR-XRD investigations revealed unrelaxed lattice 
constant aA values along the growth direction of 5.8991 Å, 5.8991 Å, 5.8886 Å, and 5.8928 Å for samples A, B, C, and D, 
respectively. Reciprocal Space Mapping on one of the samples indicates pseudomorphic growth with respect to the InP substrate. 
The absence of full-width at half maximum (FWHM) broadening of the of the HR-XRD rocking curves with increasing thickness 
of the samples suggests that all the epitaxial films in this work are pseudomorphic with the InP substrate. Assuming a Poisson 
ratio Ȟ of 1/3, the corrected values of the lattice constant, i.e. values of the free-standing lattice constant afs, were calculated to be 
5.8840 Å, 5.8840 Å, 5.8788 Å, and 5.8809 Å for samples A, B, C, and D. These results suggest that the elongation due to the 
pseudomorphic growth is substantial in the computation of the true lattice constant of ZnSnAs2 epitaxial films.  
PACS: 61.05.cp; 68.37.Lp; 68.55.at; 68.55.jd; 81.05.Hd  
Keywords: ternary semiconductor; molecular beam epitaxy; high-resolution x-ray diffraction; transmision electron microscopy 
1. Introduction 
ZnSnAs2 is a II-IV-V2 ternary pnictide semiconductor with a band gap energy of 0.73 eV and possessing unique 
properties that may be useful in realizing new functionalities in future electronic devices [1]. With only a handful of 
reports about ZnSnAs2, its properties remain to be one of the least understood among those of the II-IV-V2 ternary 
compounds. In one of our previous works, we reported on the room temperature ferromagnetism in lightly Mn-
doped ZnSnAs2 [2] and a4% Mn-doped ZnSnAs2 [3] thin films grown by molecular beam epitaxy (MBE). Knowing 
the fact that the properties of the host semiconductor ZnSnAs2 play a crucial role in understanding the origin of 
ferromagnetism of the ZnSnAs2:Mn, we have also studied the ZnSnAs2 transport properties and have confirmed the 
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presence of a maximum in the Hall coefficient temperature dependence curve observed in bulk-ZnSnAs2 [4]. We 
have also demonstrated that transport properties can be well described by impurity band model [5].  
In this present work, we perform structural investigation of the ZnSnAs2 epitaxial films using high-resolution x-
ray diffraction (HR-XRD). HR-XRD is the most widely used technique for the ex-situ characterization of 
heteroepitaxial layers [6].  In HR-XRD, the angular resolution is at the arc second scale [7], and therefore lattice 
parameters can be evaluated more accurately. One of the main objectives of this work is to confirm the 
pseudomorphic growth of ZnSnAs2 epitaxial layers on InP substrate, as it is believed that pseudomorphic growth 
results in layer structures of high quality [8]. If ZnSnAs2 is ever to find applications in real electronic devices, the 
growth of high crystal quality ZnSnAs2 epitaxial layers on one of the common semiconductor substrates is 
imperative. Another objective of this work is to verify whether the elongation of the ZnSnAs2 epitaxial film lattice 
constant along the growth direction due to the pseudomorphic growth is significant in the evaluation of the value of 
the true lattice constant, i.e. the free-standing lattice constant afs of the ZnSnAs2 epitaxial films. A consequence of 
the pseudomorphic growth is the elongation of the lattice constant of the epitaxial layer along the growth direction, 
giving a value of the lattice constant along the growth direction (aA) which is slightly greater than afs.  For instance, 
in one of our previous works [2], we have reported a lattice constant value of 5.8989 Å for a a120 nm thick un-
doped ZnSnAs2 epitaxial film. This value is greater than the value of reported bulk-ZnSnAs2 lattice constant 
(abulk=5.8520 Å) [9] by 0.0469 Å. However, assuming that the epitaxial layer is under compressive strain from the 
underlying InP substrate due to the pseudomorphic growth, this lattice constant value of 5.8989 actually represents 
aA. Assuming further a Poisson ratio Ȟ of 1/3, afs is computed to be 5.8840Å. The elongation of the lattice constant 
(aA-afs) due to the pseudomorphic growth is therefore 0.0149 Å. This value seems to be minute until one realizes 
that the difference between afs and abulk values is only 0.032 Å. In other words, the elongation due to the 
pseudomorphic growth is almost half (46.56 to be exact %) of the discrepancy between afs and abulk, and therefore 
becomes a very important issue for the accurate evaluation of the lattice constant values. 
2. Experimental 
ZnSnAs2 epitaxial films were grown on epi-ready n-type InP(001) substrates using the optimum substrate 
temperature of 300 qC and  Zn:Sn:As4 beam equivalent pressure ratio (BEP) ratio of 24:1:52 described in [2-4, 10]. 
This MBE growth at relatively low substrate temperature of 300 qC would enable the deposition of Zn atoms whose 
sticking coefficient increases with decreasing substrate temperature [11]. The entire growths were monitored using 
in-situ reflection high-energy electron diffraction (RHEED) observation. Four samples, namely A, B, C, and D, 
were prepared using different growth times of 15, 30, 50, and 83 minutes, respectively. The stoichiometries of the 
samples were investigated by Electron Probe Micro-Analysis (EPMA). HR-XRD ș-2ș scan measurements (20q d 2ș
d 106q) were performed on all the samples to confirm the presence or absence of any secondary phases. After which,   
HR-XRD ș-2ș narrow scan (60q d 2ș d 66q)
measurements around the InP(004) diffraction peak 
were carried out to evaluate the lattice constant 
values. Reciprocal space mapping was performed on 
one of the samples to determine both the in-plane 
and out-of-plane lattice constants. The full-width at 
half-maximum (FWHM) measurements of the 
omega scans were also performed to verify any 
broadening due to threading dislocations as a result 
of lattice relaxation. The values of thickness of the 
epitaxial films were computed from the clearly 
visible Pendellosung fringes from the narrow scan 
diffraction profiles. The values of thickness obtained 
from the fringes are then compared with those 
acquired by TEM investigations. The thickness as a 
function of growth time was then plotted to obtain a 
more accurate estimate of growth rate. 
Fig. 1. Average chemical compositions of samples A, B, C, and  
D measured by EPMA.  
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3. Results and Discussion 
   For all the samples, streaky RHEED patterns were observed during the entire growth indicating a layer-by-layer 
two-dimensional growth mode.   Figure 1 presents the chemical composition in atomic percent (at.%) obtained by 
EPMA analyses where it can be seen that all the samples are nominally stoichiometric having stoichiometry 
consistent with that of the bulk-ZnSnAs2. For each sample, three points were measured and then the average and the 
standard deviation recorded. The standard deviations are shown as error bars on the plotted data. The smallness of 
the error bars suggests the homogeneity of all the samples.  
   After the verification of the sample stoichiometry, HR-XRD ș-2ș scan (20q d 2ș d 106q) were performed on all 
the samples. As can be seen on Fig. 2, no other diffraction peaks were observed besides those of the (00l), with even
l diffraction peaks of the InP substrates and ZnSnAs2 thin films, suggesting that all the samples are single crystals 
with no traces of any secondary phase. The ZnSnAs2 epitaxial films diffraction peaks appear at the lower angle side 
of those of the InP substrates indicating that the values of their lattice constant are greater than that of the substrate 
(aInP = 5.869Å) and that of the reported bulk value (abulk = 5.852Å). The larger lattice constant could be due partly to 
native point defects introduced by the low-temperature MBE technique used in preparing the samples and the 
presence of the disordered SP similar to the results reported by Seryogin and co-workers in ZnSnP2 thin films [12]. 
However, micro-Raman spectroscopy investigations revealed A1 vibrational mode similar to that observed in ref 
[10], suggesting also the presence of the chalcopyrite ordering. This presence of both the SP and CP is very likely 
again because of the great similarity of the polarizability of the Zn-As and Sn-As bonds [13].  
   Figure 3 shows the HR-XRD ș-2ș scan profile around the InP (004) diffraction peak. The computed lattice 
constants aA along the growth direction for samples A, B, C and D, are 5.8991 Å, 5.8991 Å, 5.8886 Å, and 5.8928 Å, 
respectively. These values are almost equal and in agreement with those in our previous reports [2-4]. Clearly 
visible from the figure are the Pendellosung fringes or Laue oscillations around the ZnSnAs2 diffraction peaks which 
suggest lateral homogeneity and well-defined interface between the epitaxial films and the substrate. Each film 
thickness t was determined from the Laue oscillations using the equation 
                                                              
                                                              (1)                
Fig. 2. HR-XRD ș-2ș scan (20°  2ș 106°) diffraction profiles of samples A, B, C, and D.
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Fig. 3. HR-XRD ș-2ș narrow scan profile around the 
InP (004) diffraction peak. 
Fig. 4. High-resolution X-ray reciprocal space map 
of sample B around the InP (224) Bragg 
peak.
where Ȝ is the Cu KĮ1 X-ray radiation wavelength (Ȝ = 
1.5406 Å), șn and șn+1 are two adjacent maxima in the 
oscillations. According to the above formula, the computed 
values of thickness are 61 nm, 117 nm, 160 nm, and 285 nm, 
respectively, for samples A,B,C, and D. 
Figure 4 shows the reciprocal lattice map (RSM) of sample 
B around the (224) Bragg peak of the underlying InP 
substrate. The chalcopyrite-ZnSnAs2 (228) [SP (224)] 
diffraction spot was observed directly below the substrate 
(224) reciprocal lattice point indicating that the epitaxial layer 
has exactly the same in-plane lattice parameter as that of the 
underlying InP substrate, i.e. the growth is pseudomorphic 
and the ZnSnAs2 epitaxial film is under compressive strain. 
This is the first concrete evidence of the pseudomorphic 
growth of a ZnSnAs2 epitaxial layer on InP substrate. From 
the reciprocal space map shown, the calculated lattice 
constant along the growth direction aA is 5.8991Å, exactly the 
same value obtained from the ș-2ș HR-XRD narrow scan. 
The free-standing lattice constant afs can be obtained using 
the relationship [14] 
           G
                                                                  .              (2) 
Assuming a Poisson ratio Ȟ of 1/3, afs is computed to be 
5.8840 Å. It should be pointed out that this value of afs is still 
larger than that of abulk (bulk-ZnSnAs2 lattice constant). And 
as mentioned previously, this could be due partly to native 
point defects introduced by the low-temperature MBE 
technique. The effect of native point defects introduced by the 
low-temperature MBE growth on the lattice constant can be 
verified by performing low temperature annealing. Annealing 
experiment and its effect on the lattice constant is presented 
and discussed on a separate work. 
     HR-XRD rocking curve (Ȧ-scan) measurements of the 
SP (004) and/or CP (008) reflection planes for all the samples 
were also performed. Figure 5 plots the resulting full-width at 
half maximum (FWHM) of the rocking curves as a function 
of growth time. With increasing growth time and therefore 
with increasing thickness, the FWHM decreases. As it 
believed that lattice relaxation introduces misfits dislocations 
and threading dislocations that lead to broadening of the main 
rocking curve peak [15], the absence of broadening of the 
FWHM with increasing thickness of the samples suggests that the epitaxial films remain pseudomorphic with the 
InP substrate. Some other signs of lattice relaxation [15] such as extinction of the Pendellosung fringes and 
reduction of the ratio of the epitaxial layer peak intensity to the substrate peak intensity were not observed leading 
us to the conclusion that  the all the samples were grown pseudomorphically.  
Using equation (2), the free-standing lattice constant afs values were computed and plotted in Fig.6 together with 
the corresponding unrelaxed lattice constant along the growth direction aA as functions of growth time.   The figure 
shows that considering the effect of the distortion due to strain in the computation of the lattice constant, computed 
free-standing values nearer to the bulk value can be obtained. This is due to the fact that aInP < afs, which means that 
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the ZnSnAs2 epitaxial layers, if grown pseudomorphically on the InP substrate, will experience compression 
perpendicular to the growth direction, and thus elongation along the growth direction. Mathematically, this means 
that aA > afs > abulk. Another important conclusion that can be drawn from Figure 6 is that the value of elongation of 
the lattice constant (aA-afs) due to the pseudomorphic growth is indeed comparable to the difference between afs and 
abulk.  This confirms that the elongation due to the pseudomorphic growth should be considered for a more accurate 
evaluation of the lattice constant values. 
To confirm the actual values of the thin-film thickness, transmission electron microscopy (TEM) studies were 
performed for all the samples. The values of thin-film thickness obtained in this manner can then be compared with 
those obtained from the calculations using the Pendellosung fringes of the HR-XRD narrow scan profiles.The cross 
section TEM images for samples A, B, C, and D are shown in Fig.7 (a), (b), (c) and (d), respectively. The values of 
the film thickness obtained from the TEM investigations are then compared with those values obtained from HR-
XRD profile oscillations. The values of the film thickness obtained from the Pendellosung fringes of the HR-XRD 
profile is on the average within ±10% of the film thickness obtained by TEM. The two set of values of thickness are 
plotted as functions of growth time in Fig. 8.  
Fig. 5. FWHM of the HR-XRD rocking curves  
of samples A, B, C, and D as a function 
of growth time.  
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Fig. 6. Comparison of the computed lattice 
constant along the growth direction aA
and free-standing lattice constant afs.
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Fig. 7. Cross-section TEM images of samples A,B,C, and D.  
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To obtain a more accurate estimate of growth 
rate, linear fitting of the thickness data points 
(including the origin) versus growth time was 
performed. The resulting slopes of the lines 
representing growth rates were 3.54 nm/min from 
the TEM data points and 3.33 nm/min from the 
HR-XRD data points. 
4. Conclusion 
ZnSnAs2 epitaxial films of different values of 
thickness were grown on InP(001) substrates by 
MBE. HR-XRD investigations revealed unrelaxed 
lattice constant aA values along the growth 
direction of 5.8991Å, 5.8991Å, 5.8886Å, and 
5.8928Å for samples A, B, C, and D, respectively. 
Reciprocal Space Mapping on one of the samples 
indicates pseudomorphic growth with respect to the InP substrate. The absence of broadening of the FWHM HR-
XRD rocking curves with increasing thickness of the samples suggests that the epitaxial films remain 
pseudomorphic with the InP substrate. This confirms that high quality ZnSnAs2 epitaxial layers can be grown on InP 
substrates at least up to a thickness value 285 nm, the thickness value of the thickest sample in this work. The values 
of the free-standing lattice constant afs were calculated to be 5.8840Å, 5.8840Å, 5.8788Å, and 5.8809Å for samples 
A, B, C, and D, respectively, confirming the previous assertion that elongation due to the pseudomorphic growth is a 
very important issue for the accurate evaluation of the true values of the lattice constant. It was also shown that 
values of the film thickness obtained from the Pendellosung fringes of the HR-XRD profile is on the average within 
±10% of the film thickness obtained by TEM. 
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Fig. 8. Values of the film thickness obtained from the 
TEM investigations and HR-XRD as functions of 
growth time. 
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